We report an improved self-homodyne detection scheme for differential phase-shift-keying that achieves close to homodyne performance and effectively reduces the influence of nonlinear phase noise, resulting in a 1.3dB sensitivity improvement over self-homodyne detection.
Introduction
Differential phase shift keying (DPSK) has received significant interest in recent years because of its favourable characteristics such as an improved sensitivity with balanced detection and robustness against fiber nonlinearities [1] . However DPSK transmission suffers from its sensitivity to nonlinear phase noise, which results from amplitude noise transformed to phase noise through the Kerr effect [2] . There exist various means to reduce the influence of nonlinear phase noise, including phase conjugation [3] . Alternatively the correlation between the nonlinear phase rotation and the intensity of the pulse can be exploited to reduce the influence of nonlinear phase noise, through both optical [4] and electronic [5] means. Signal processing at the receiver is an effective method to reduce the influence of transmission impairments, such as chromatic and polarizationmode dispersion [6] . However, so far only limited results have been reported in reducing the influence of nonlinear phase noise. In this paper we propose an improved selfhomodyne detection scheme for DPSK transmission that with only minor signal processing achieves close to homodyne performance and greatly reduces the influence of nonlinear phase noise.
Improved self-homodyne detection
The most common demodulation techniques for phase shift keyed (PSK) signals are homodyne and self-homodyne detection. Homodyne detection achieves the best sensitivity, but requires carrier phase and polarization tracking [7] . Self-homodyne detection uses the last received symbol as a phase reference, resulting in performance degradation. State-of-the-art receivers in optical transmission commonly use self-homodyne detection due to the lower complexity. The self-homodyne demodulation technique presented in this paper, multi-symbol phase estimation (MSPE), closes the performance gap between self-homodyne and homodyne demodulation. Based on techniques previously proposed for wireless communications [8] [9] , MSPE generates a more stable phase reference by using not only the last received symbol but a sequence of the last (>1) received symbols. In its recursive implementation MSPE replaces the decision variable in self-homodyne DPSK transmission y(n)y*(n-1) with the improved decision variable y(n)z*(n-1) [9] , where y(n) is the currently received symbol. z(n) is a recursive component defined in relation (1) , where 0 w 1 is a forgetting factor. c(n-1) is the estimated phase of the previous symbol, necessary because of the DPSK differential encoding. For simplicity the signals are denoted as time discrete samples assuming an optimal decision point in the bit-interval. The scheme requires both in-phase (I) and quadrature (Q) phase components of the received symbol, and hence two interferometers are necessary with a 0 and /2 phase shift, respectively. After the interferometers and balanced detection two components u I (n) = Re{y(n)y*(n-1)} and u Q (n) = Im{ y(n)y*(n-1)} are obtained. Due to the interferometric detection, (1) cannot be directly implemented. The improved decision variable x(n) based on (1) is therefore approximated by
where u(n) = u I (n) + j u Q (n). The scheme requires a complex four-quadrant multiplication, an attenuation to implement the forgetting factor w and a bit-delay T to multiply u(n) with the previous decision variable x(n-1). The improved decision c(n) is obtained from the real part of the improved decision variable x(n) after binary decision with a D-flip-flop (D-FF). Fig.2 shows the back-to-back sensitivity improvement of MSPE when only Gaussian noise is present. Simulations are based on the Monte-Carlo approach and show the bit-error-rate (BER) as a function of E b /N 0 , with E b the energy per bit and N 0 /2 the noise spectral density in each polarization. The sensitivity improvement due to MSPE increases for higher values of the forgetting factor w, approaching the performance of homodyne detection for w=1. For a 10 -4 BER, relevant in combination with forward-error correction, the difference between MSPE and self-homodyne demodulation is 0.5dB.
Fig. 2: Performance of MSPE with Gaussian noise for several values of the forgetting factor w.
In [9] the penalty due to the phase drift of the local oscillator limits the highest acceptable value of w. In our scheme thanks to employment of selfhomodyne detection the forgetting factor w can be chosen close to 1 without any performance impairments.
Nonlinear phase noise
The reduction of nonlinear phase noise through MSPE is a result of the more stable phase reference, which averages out the phase uncertainty over a long sequence of received symbols. MSPE potentially halves the magnitude of nonlinear phase noise, thereby significantly reducing the associated penalty. Previously proposed compensation schemes are restricted to compensation of nonlinear phase noise induced through self phase modulation (SPM). However MSPE reduces the influence of phase noise in general. MSPE therefore also reduces the influence of cross phase modulation (XPM) induced nonlinear phase noise. This penalty is dominating for DPSK transmission in the presence co-propagating On-Off Keying modulated channels [10] . Fig. 3 shows the performance improvement of MSPE in the presence of nonlinear phase noise. Simulated is a single channel over 40x90km spans with an attenuation of α=0.25dB/km, fiber nonlinearity γ=1.2993W -1 km -1 and launch power P 0 =0dBm, the dispersion influence is neglected for simplicity [5] . Nonlinear phase noise results in a 2.3dB penalty with respect to the Gaussian noise limited case. However MSPE decreases the nonlinear phase noise penalty for higher values of w with about 1dB. For a 10 -4 BER this results in a 1.3dB sensitivity improvement. MSPE can be easily extended to differential quadrature phase shift keying (DQPSK). For DQPSK we expect a significantly larger improvement over self-homodyne modulation, due to the larger theoretical difference between both modulation schemes. Moreover the added complexity of the scheme is lower for DQPSK since this inherently requires two interferometers, limiting the increase in complexity to electronic signal processing.
Conclusions
In this paper we proposed MSPE, an improved selfhomodyne detection scheme for DPSK that can close the gap with homodyne performance. This results in a 0.5dB back-to-back sensitivity improvement at a 10 -4 BER. For a signal degraded through nonlinear phase noise the sensitivity improvement increases to 1.3dB, significantly reducing the negative impact of nonlinear phase noise in DPSK transmission.
